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(57) Abstraci: 

PROBLEM TO BE SOLVED: To decrease the number of 
control signal, to make the manufacture uncomplicated, 
and to impose linear and nonlinear spatial optical wave 
front modulation by providing an optical element 
including a liquid crystal molecule layer provided 
halfway between a 1st and a 2nd window, positioning an 
optical device so that a light beam is made incident on 
the 1st window and reflected or transmitted by the 2nd 
window, and applying a control signal to individual 
electrodes outside respective cells. 

SOLUTION: Upper and lower terminals 120 and 122 are 
applied with potentials OA of the same level and other 
upper and lower terminals 126 and 128 are applied with 
potentials <t> different from OA. A thin film resistance 
line 106 is provided between the terminals 120 and 126 
and a thin film resistance line 108 is provided between 
terminals 122 and 128. Equipotential electrodes 131 and 
138 are provided with low- resistance metallic 
electrodes and 132 to 137 are provided with electrodes 
in stripe shapes and are arrayed in parallel to one 
another. Consequently, an equipotential state is 
generated between the electrodes 131 and 138 along the 
length of 131 to 138, and a potential which varies in 



steps is generated at right angles to the length of the 
electrodes 131 and 138. 
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1. Title of the Invention 

Electrode Structure for an Efficient Liquid Crystal Wavefront Modulator 

2. Claims 

1 . A device for wavefront modulating an optical beam compiising: 

an optical element including a first window having an opticaDy-transparent 

common electrode, a second window having a multiplicity of tran^paront 

conductive electrodes in the form of electrical^ bundled paralle] stripes, and a 

layer of liquid crystal molecules intermediate the first and second windows. 

the optical device is positioned so that an optical beam is incident on the first 

window and reflected or uansmitted by the second window. 

means fox applying control signals individually to the outer electrodes of each ccll„ 

thereby creating a linear voltage gradient along the join electrodes and across the 

cell area, thereby creating local variations of the refiactive index in the liquid 

crystal layer according to linear or nonlinear parts of the LC & electrooptic 

characteristics. 

2. The device according to claim 1 Anther includes join electrodes consisting of the 
same or difierent mateiial tlian the stripe electrodes. Tlie stripe electrodes 
resistivity is preferably low wliile tlic resistivity of the joiu electrodes is preferably 
high to provide a high input resistance to each ceD. The join electrode is either 
included in the electrode structure covering the illuminated active area or placed 
outside the active area. 

3. ' The device according to claim 2 wherein the join electrode is connected to low 

resistive metal electrodes at two or more positions that supply the voltage fi-om the 
LC driver. 

4. The device according to claim 3 which is used to deflect an optical beam by 
geomting a blazed phase profile of the transmitted or reflected optical wavefront 
by addressing the active area with voltages fi-om within the linear part of tiie LCi 
electroorptic charactenstics of an LC layer with pretilt angles betweoi 0 and 3 
degrees. 

5. The device according to claim 3 which is used to focus an optical beam by 
generating a quadratic phase profile of the transmitted or reflected optical 
wavefront by addressing the active area witfi voltages fi^om within the nonlinear 
part in the low-voltage region of the LC£ electrooptic characteristics of an LC 
layer with pretilt angles between 5 and 20 degrees. 

6. The device according to claim 5 of winch the two ac voltages applied to 
ncii^boring join electrodes have the same amplitude and same fijequency but are 
out of phase by 1 gO degrees (reversed polarity). 
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3. Detailed Explanation of the Invention 
Background of the invention: 

Th& interest ia optical wavefront control via nematic liquid crystal (LC) waveplates 
is ever increasing- Devices arc being developed for the active control of laser beams in 
research fields such as adaptive optics, optical signal processing and firee-space laser 
communications. Reasons for the popularity of such devices arc the possibihty of 
modulating the LCS strong birefiringence wilh voltages of less than 10 V. the ficedani 
of any mechaoical motion, compactness, holiness, atid flie low power consufliption. 

The fine control of Ihe angle of an outgoing or incoming laser beam on the order of 
one microradian in an optical transceiver. c,g., on board a satellite or at an optical 
ground station, is essential to achieve and maintain a successful optical 
communicaticns link over several 100 km to several 1000 km. The diflScuIty in 
obtaining the required steering precision via mechanical means has been stimulating 
investigations on non-mechanical beam deflector- Insetting non-mechanical elements 
into the optical system v/ould reduce the number of movmg parts and &cilitate the 
system requirements- Besides electrooptic and acoustooptic devices, the liqmd crystal 
panel is a very attractive candidate as a beam deflector 

An6ther eagerly investigated field of LC microoptics is die emulation of the 
focusing proper^ of a lens by spatially modulating the LCk cflfectivc refractive index 
according to a quadratic function. The possibility of stron^y varying a lensSf-number 
with low voltages induced a great deal of implementation ideas in recent years LC 
len^s can be realized either by superimposing two devices with one-dimensional 
modulation capability, e.g., two cylindrical LC lenses, or using an electrode structure 
allowing one directly the two-dimensional modulation. 

In developing LC devices researchers have focused so far on two types of electrode 
Structures: (0 the discrete structure where the liquid crystal is modulated by means of a 
large number of independent narrow stripe-shaped low-resistive electrodes, and (ii) the 
continuous structure where broad electrodes with areas of dlflferwii resistivitiK 
modulate the liquid crystal via a linear or nonlinear voltage gradient generated in the 
electrode plane. The fonaa approadi has the advantage of high transmission 
efficiency and unprohlematic fabrication of the* electrodes. The huge number of 
electrodes requires howevw a hi^ e?q)cnditurc in &bricatLng the complex LC driver. 

The Jattcr approach keeps down the corcplexity of the LC driver, however^ a high 
optical throu^ut has not yet been reported. 

The present invention proposes an electrode ^sign that aims at combining the 
advantages found in both approaches . 
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Sumtnary of the invention : 

The objective of the present invention is to provide a new electrode design for a 
liquid crystal optical wavefront modulators with applications sudi as a beam deflector, 
spherical or cylindiical single microlens, or lens array. The design is an improvement 
over the prior art in that it includes a practical means for generating linear and 
nonlinear spatial optical wavi^ont modulatioa with a reduced ntmber of control 
signals and less complexity in the fabrication process th^ fonnei devices* 

The objects of this invention arc demonstrated by providing devices for deflecting 
an optical beam (linear wavefront modulation) and focusing an optical beam (nonlinear 
wavefront modulation). The scope of this invention is however not intended to be 
limited by the herein discussed devices, but should also be oomidcrcd with a LC 
modidatar for arbitracy wavefront generation. 

To attain the objects of the present invention as described above, the 
electrode structure of the present invention has basically the following 
constructions, in that ; 

A device for wavefront modulating an optical beam comprising: 
an optical element including a first window having an optically-transparent 
common elecirode, a second window having a multipUcity of transparent 
conductive electrodes in the fbrm of electricaUy bundled paraUel stripes, and a 
layer of hquid aystal molecules intermediate the first and second windows, 
the optical device is positioned so that an optical beam is incident on the first 
window and reflected or nansmitted by the second wmdow. 
means for applying control signals individually to the outer electrodes of each cell, 
thereby wating a hnear voltage gradient along the join electrodes and across the 

cell area, thereby creating local variations of the refiactive index in the liquid 
crystal layw according to linear or nonlinear parts of the LC S electrooptic 
cfaaracteiistics. 

The device is characterized in that it • includes join electrodes consisting of the 
same or different material tliaii the stripe electrodes. Tlie stripe electrodes 
resistivity is preferably low while the resistivity of tlie join electrodes is preferably 
Irigh to provide a high injjut resistance to each cell. The join electrode is either 
included in the electrode structure covering the illuminated active ar^a or placed 
CHitside the active area. 
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The device is diai^acterized in that the join electrode is connected to low 
resistive metal electrodes at two or more positions that supply the voltage from the 
LC driver. 

The device characterized in that it is used to deflect ad optical beam by 
generatiiLg a blazed phase profile of the transmitted or reflected optical w&v6front 
by addressing the active area with voltages from within the linear part of the JjCi 
electrooptic characteristics of an LC layer with pxetilt angles between 0 and 3 
degrees. 

The device is characterized in that it is used to focus an optical beam by 
geaeratiag a quadratic phase profile of the transmitted or reflected optical 
wavefront by addressing tite active area with voltages from wifhin the nonUnear 
part in the low^voltage region of the hCi electioopttc charactejistics of an LC 
layer with pretilt angles between 5 and 20 degrees. 

The device is cto-acteri zed in that the two ac voltages applied to 

neighboring join electrodes have the same amplitude and same frequency but are 
out of phase by 1 80 degrees (reversed polarity). 

An optical hqiiid crystal'lvavelront "modulation device for monoc^uomatic lig^ 
comprises a homogeneously aligned liquid cxystal layer confined between two optical 
transparent windows. The device has an cptically-transpareiit common electrode on 
die JBrst window and a multiphcity of opticaUy-transparent parallel snipe electrodes 
Csaid stripe electrode) on the second window. Dependent on the device to be realized, 
the longitudinal shape of the stripe electrodes is either straig^ or bent. On the second 
window, N stripe electrodes are periodically joined via one or more single stripe 
electrodes of resistive material (said join clcctzx>de) to fomo. M buadles of stripe 
electrodes, each bundle representing a liquid crystal cell (said ceH), as shown in Fig. 1. 
The two outer stripe electrodes of each bundle, respectively^ are surged with two 
independent control signals (ac voltages). The multiplicity of control signals (NxM) is 
therefore reduced to two signals per ceU {2xM), 

The applicaticA pf two dififerent voltages causes a linear voltage gradirat along the 
join electrodes. This in turn genwates a linear voltage gradient atcross the cell area. 
This linear voltage gradient causes a linear oi nonlmear spatial variation of the liquid 
crystal molecules -Q refractive index distobmion depradent on the Uquid crystal k 
electrooptic response and the addtesang voltage. Wavefront modulation is achieved 
according to Uuear or nozdinear parts of the liquid crystals electrooptic response as 
shown in Pig. 2. The shape of the electrooptic diaracteristics depends on the liquid 
crystal parameters pretilt elastic constants and dielectric permittivities. For example, 
low pretilt alignment provides a sharp tlu-eshold and ^ large linear region shortly after 
the threshold. Higli prerilt ahgiuneur (5-20 deg) provides quadratic modiJation of tlie 
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feleclrooptic response in the lower voltage region. The Uneai poitioii of the ^Itetrooptic 
response is used for linear moduiatioa purposes such as beam deflcctian or to siniulate 
blazrsl and triangular diffracUOT gratings. The quadratic portion i$ used to simulate 
wavefiront modulation by a lens. 

The extension of a device with one-dimensional modulation capability, e.g, the LC 
cylindrical lens, to a device with two-dimensional modulation capability, e.g. a 
spherical lens, is shown in Fig, 3. The straight stripe-shaped electrodes are replaced by 
bent stripe-shaped electrode according to tbo desired shape of the two-dimensional 
modulation area, either circular or elliptical. Tlie outer ends of the join electr6des are 
connected to low-resistive metal electrodes providmg ttie voltage of the LC driver. 
Neighboring join electrodes are supplied with ac voltages of flie same waveform, same 
amplitude A and same frequency but a phase difference of 180 degrees, i,c,, voltages 
with different polarities. Applying diflBerent polarities to the ends of the join electrode 
provides zero volt in the middle of the join electrode. The I>C area comprised by the 
first half of the join electrode is thus spatially modulated from A volts to 0 volt, and the 
area coinxriscd by the second part is spatially modulated fiom 0 volt to A volts as 
iUustrated in Fig. 4. Since both parts of the join electrode address the same part of the 
electrooptic characteristics, tiic parabolic two-dimensional spatial modulation is 
obtained. 

Description of the Preferred Einbodiraent 

Fig. 1 show one preferred einbodiinent of the present invention in that 
one desirable electrode configuration of the present invention is 
illustrated. 

In the embodiment, a pair of an upper and a iawer end terminals 120 
and 122 are supplied with the same level of electric potential * A, 
respectively, while another pair of an upper and a lower end terminals 
126 and 128 arc supplied with the same level of eleotrio potential^*, 
different from the level of OA, respectively. 

On the other hand, between the end terminals 120 and 120, a thin-film 
resistive line 106 is providodY while between the end teraiinals 122 and 
128, a thin-film resistive line 108 is provided, as well. 
The above-mentioned resistive line may be formed Kith ohroroium thin 
filra, nickel-ohromium-alloy metallic thin film, tantalum thin film, 
molybdenurn thin film or the like. 

Further, a metallic oxide film, for example, ITO film such as an 
oxidising thin film made of Tin or Indium, can be also used. 
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The voltage level formed between the electrode terminals 120 and 122, 
is kept uniform and thus equipotcntial condition is formed therebetween, 
since they are connected to each other through a low resistive metal lie 
electrodes 131, 

In the same way, the voltage level formed between the electrode 
terminals 126 and 128, is kept uniform thus equipotential condition is 
formed therebetween* since they are connected to each other through a 
low resistive metallic electrodes 138. 

On the other hand, between these equipotential electrodes 131 and 138, 
a plurality of low resistive metallic electrodes, as same as the one as 
mentioned above, and each havir^ a stripe-like configuration, 132, 133, 
134, 135, 136, and 137 are provided and being parallely arrai^ed to each 
other, 

Nate that both end portions of each one of this metallic electrode 
lines is connected to the resistive lines 108 and 108, respectively, at 
respective potential dividing point and thus between the electrode 131 
and the electrode 138 and in a lor^itudinal direction of the electrodes 
131 and 138, equipotential condition is always created while in a 
direction perpendicular to the lor^itudinal direction of the electrodes 
131 and 138, a potential is formed so as to be varied in a step-like 
manner. 

The above-mentioned electrodes can be formed, far example, on a 
transparent glass plate or the like. 

When a high resistive film such as a transparent filDi» more 
preferably a high resistive, transparent electric conductive film, is 
forned on a surface or these metallic electrodes 131 to 138, being 
parallely arranged to each other, and which can also be formed by low 
resistive ITO films, the electrical potential as formed between the 
electrode 131 and the electrode 138, varies with a certain gradient . 
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For example, when a potential levels of 10- A and 3 • <i> A are 
applied to the electrodes 131 and 138. respectively, a film surface, the 
potential thereof being linearly varied fron 10- a>A and 3 • <DA, can 
be obtained. 

Hue to the existence of the metallic electrodes 132 to 137, the 
equipotential line having the certain gradient formed among them, shows 
always a configuration which is in parallel with a longitudinal 
direction of the electrodes 131 and 138, which being also parallely 
arrar^ed to each other. 

Hhen a transparent glass plate on a surface of which the above- 
mentioned electrode film layers with a certain gradient in electric 
potential, are formed and a glass plate on a surface of which a 
tron^jarent eleotrioally conductive film layer is fortid, are oppositely 
and paralelly arrai^ed to each other with interposing a space of several 
micron ( u m) therebetween so as to forra a space therein, and when 
Liquid crystal (L.C») is filled in this space so that an orientation 
thereof is arranged in parallel with the surface of these glass plates, 
an optical niodulation device can be obtained. 

In accordance with this embodiment, due to the effects caused by 
these low resistive lines 131 to 138, a sophisticated optical 
modulation device having a high efficienpy with less distortion can be 
(Stained. 

Fig- 2 shows a graph showing a relationship between the effective 
birefringence An and Liquid Crystal voltage, and in the chart the 
abscissa represents a driving voltage of the Liquid Crystal while the 
vertical axis represents the effective birefringence. 

As apparent from these graphs, each of the graphs consists of a 
linear modulation region and a quadratic modulation region* 

And thus when this quadratic modulation region is used, the thin 
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glass lens can serve as a spherical lens with respect to positional 
factor as a function, for an orthogonally incident optical Kave. 

Further, in this embodiment, a variation of the curvature thereof 
can be controlled by changing the voltage applied to the Liquid Crystal. 

Fig. 3 shows another enboditnent of the present invention, in that 
as shown in Fig. 1, electrode terninals 306, 308, 302 and 304 are 
connected with resistive lines 381, 361, 371, and 351, respectively and 
between the resistive pair lines 371 and 351, and between the resistive 
pair lines 381 and 361, a plurality of semicircular stripe-like 
electrodes which are eccentrically arranged to each other, are 
connected, for example, a plurality of semicircular stripe-like 
electrodes 311, 312, 313, 314, 315, 316, 317, 319, and 340 are connected 
between the resistive lines 371, and 351. 

Note that in Fig. 3, the stripe like electrodes 311, 312, 313, 314» 
315, 316, 317, 319, and 340 are patterned low resistive thin films and 
formed on a surface of a glass substrate. 

In this embodiment, each one of the semicircular striped-like 
electrodes has respective voltage and shows equi potent i alp respectively* 
When a certain voltage, for exanple, -V is equally applied to both 
electrode terminals 306 and 308 and another certain voltage, for 
exanf3le. +V is equally applied to both electrode terminals 302 and 304, 
the electric potential is increased in a direction indicated from the 
resistive lines 381 and 361 to a center of the circle to be OV and 
further in a direction indicated from the center of the circle to the 
resistive lines 371 and 351, the potential is increased upto +V. 

In this embodiment, when a high resistive transparent and an 
electric conducive thin film, for example an inSnzOs film having a 
thickness of lOG to 400 rm, is formed on a surface of the low resistive 
patterned electrode film or in a portion formed between the surface of 
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the glass substrate and the low resistive patterned electrodo filfli* a 
glass plate having potential distribution with curvature which can be 
used for lens, can be realized. 

When the above-mentioned glass substrate and a separate glass 
substrate provided with a transparent conductive film on a overall 
surface thereof are oppositely and parallely arranges to each other 
with interposing a certain space, for exanple, several and further 
when liquid crystal layer is formed in the space between both glass 
substrates so that the orientation of the liquid crystal Is set in 
parallel with the surface of the glasses, an electrode structure of a 
liquid crystal wavcfront modulator of the present invention can be 
obtained. 

In this embodiment, when the liquid crystal is set, the orientation 
thereof is not restricted only to be set in parallel with the surface of 
the glasses but it can be set in non-parallel with the surface of the 
glass, i.e., in so called "twist type" condition. 

In the present invention, due to the formation of circular 
electrodes each having equipotential, an electric field without having, 
a spherical surface distortion with respect to a glass lens can be 
realized and thus the oharaoieristios as necessary for lens, can be 
inproved. 

m the above-mentioned eDibodiment, the potentials as indicated by 
such as OA, OB, OA ( + ), -V, +V, are actually voltage sources of, 
for example, alternative pulse sources having 5 to 10 volt and 
frequency of 1 to lOOOHz or the like. 
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1, Abatract 

The present invention is to provide a new electrode design for a liquid 
crystal optical wavefront modulators with applications such as a beam deflector, 
spherical or cylindrical single microlens, or lens arrays. 



2. Representative Drawing 
F I 1 



